The charge given to me by the organisers of the memorial meeting for Prof. Abdus Salam's 90th birthday is to recall my personal impressions of him and review an aspect of the standard model (SM) physics related to my work. Salam was, first and foremost, a brilliant theoretical physicist whose work is still very much en vogue, currently being tested precisely by the experiments at the Large Hadron Collider (LHC). Salam was, however, equally effective as a scientific advisor to many institutions, such as IAEA and CERN, but also to the government of Pakistan as the chief scientific strategist. He was also an untiring advocate of scientific research and higher education in developing countries, which took a concrete form in the International Centre for Theoretical Physics (ICTP) in Trieste. I discuss these aspects of his scientific life seen from my perspective in the first part. In the second part of my talk, which may appear as a disjoint piece to the first, I summarise some selected topics in rare B-decays -the current flavour physics frontier. Experiments carried out over several decades are largely in agreement with the SM, thanks also to dedicated theoretical effort in their interpretation. However, this field is undergoing an anomalous phase in a number of key measurements, in particular reported by LHCb, triggering a very lively debate and model building. These anomalies, which I review here, are too numerous to be ignored, but none is individually significant enough to announce a breakdown of the SM.
Personal Impression of Prof. Abdus Salam
The first lecture I heard by Professor Abdus Salam was some 51 years ago, as he paid a short visit to the physics department of Karachi University in the autumn of 1964. His talk was about the role of gauge theories in particle physics on which he was working at that time with John Ward to unify electromagnetic and weak interactions.
1 His lecture, while not comprehensible for me in technical details as I was then an undergraduate student, was nevertheless very lucid. Above all, it was a great opportunity for me to hear how a genius thinks about deeper physics issues and argues about possible solutions. I made a resolve to also pursue particle physics research as a profession. Salam was not only a great scientist, destined to solve some of the fundamental problems in physics, but he was also perceived as someone who cared about science in Pakistan, and who was fully engaged in advising the government at the highest echelons. A photograph of his taken circa 1964-65 is how I remember him from his first lecture.
Apart from being a professor of theoretical physics at the Imperial College of Science & Technology in London, and director of the International Centre for Theoretical Physics (ICTP) in Trieste, which he founded in 1964, Salam was the scientific adviser to the President of Pakistan, Field Marshal Ayub Khan. The period 1958-68 under Ayub Khan is termed as the decade of development during which the foundations of Pakistan's scientific and technological infrastructure were laid. Salam had very much to do with this. He was a member of the Pakistan Atomic Energy Commission (PAEC), which was founded in 1955. In 1960, at Salam's recommendation, Ayub Khan appointed Dr. Ishrat Hussain Usmani as chairman of the PAEC. I.H. Usmani (as he was usually called) was a physicist with a Ph.D. from Imperial College, London, but had opted to join the civil service of Pakistan. Moving up the civil service ladder, Dr. Usmani brought with him vast organisational capabilities and he teamed up with Salam, with the two complementing each other perfectly. Salam was the visionary scientist of international repute, with unlimited energy and ideas, and Usmani, the pragmatist administrator, implementing some of these ideas in the context of Pakistan's realities. This tandem worked very well. Among other initiatives they undertook, two projects stood out very prominently, KANUPP (the Karachi Nuclear Power Plant), which was the first of its kind in Pakistan, set up with the help of the Canadian government, and PINSTECH (Pakistan Institute of Nuclear Science & Technology) in Nilore, near Islamabad. Apart from putting the PAEC on a very visible and dynamic footings, Salam also helped establish the Pakistan Space and Upper Atmosphere Research Commission (SUPARCO), of which he was the first director.
PINSTECH played an important role in the technical education and professional training of the manpower for the PAEC projects. Built with the partial help Precision Tests of the Standard Model: Rare B-Meson Decays 3 of the US government, it epitomised the initial steps that Pakistan undertook along the nuclear road. A turning point in the nuclear diplomacy of the United States of America in the post-Hiroshima epoch was the historic speech entitled "Atoms for Peace", given by the then American President, Dwight D. Eisenhower, to the United Nations general assembly on 8 December 1953, 2 in which he proposed the establishment of what is now known as the International Atomic Energy Agency (IAEA), with its headquarters in Vienna. In the words of the science historian Stuart W. Leslie, 3 the propagandistic US cold war initiative offered the developing world access to American nuclear know-how -in exchange for agreements to pursue purely civilian nuclear programs. PINSTECH was an embodiment of this Atoms for Peace initiative -it was at least conceived this way. A memorandum of understanding (MoU) between the US and the Pakistani governments was signed a few years after the "Atoms for Peace" speech. In its essence, it was not too different an approach than what President Obama later pursued in the context of Iran.
At that time, Salam was already an expatriate scientist, working at the Imperial College, London, but he was determined to put Pakistan on the world's scientific map. In his capacity, as the chief scientific advisor to Ayub Khan, Salam, and Usmani, as chairman PAEC, invoked this MoU to garner American support for a nuclear research reactor in Pakistan. Salam met in 1961 with the then Chairman of the US Atomic Energy Commission, Glenn Seaborg, a nuclear chemist and a Nobel Laureate, whom Salam knew personally, and presented his case for establishing a small research reactor, which he considered as a mere start, pleading for an active and direct laboratory-to-laboratory guidance from the US 3 . This approach apparently went well with Seaborg. The US promised Pakistan technical assistance and a princely sum of US$ 350,000 -in appreciation if the Pakistanis were able to pull the project through and set up a 5MW light-water research reactor at Nilore, which they did and which is known as PARR-1. This reactor began operating in December 1965. Salam visited PINSTECH on that occasion, which marked an important milestone in the nuclear ambitions of Pakistan -peaceful as they were at that time. Six months after the Nilore reactor became critical, Seaborg handed to the Pakistani government the promised check for US$ 350,000, though the actual cost of the project was in excess of 6 Million dollars.
At about that time, I was a member of a physics graduate student group sent to visit the reactor at PINSTECH and also other physics research facilities in Pakistan. We also went to see the Atomic Energy Centre in Lahore. It was a mere coincidence that Prof. Salam, Dr. Usmani and our student group from Karachi were visiting the Lahore Centre at the same time. A historic picture of this chance meeting with them is shown below.
In 1967, I went to the Institute of physics of the University of Islamabad (now called the Quaid-i-Azam University QAU) to study theoretical particle physics. Another renowned theoretical physicist, Prof. Riazuddin, was the founding director of this Institute. Riazuddin, being a former student of Prof. Abdus Salam, both as an undergraduate at the Government College Lahore and subsequently also as Salam's doctoral student in Cambridge, was the closest scientist from Pakistan whom Salam held in very high esteem. The physics faculty members of QAU, many of whom had also studied at the Imperial College, London, were frequent visitors of ICTP in Trieste and Salam was virtually omnipresent in the lecture halls and corridors of the physics institute in Islamabad. In December 1971, I obtained my Ph.D. from QAU. This was a particularly bad time in Pakistan to look for an academic or research job, as Pakistan had lost a war against India, with East Pakistan becoming an independent state as Bangladesh. It was no surprise that I failed to find an academic job and was forced to work in the computer wing of a local bank in Karachi, quite dismayed that my dream of pursuing a research career in physics was abruptly halted.
As a stroke of good luck for me, Salam was visiting Pakistan in early 1972. The occasion was a science meeting, in which a highly select group of physicists and engineers was invited to discuss the nuclear options by Zulfiqar Ali Bhutto, who had become in the meanwhile the President of Pakistan. This event, which is known as the Multan Conference, was a watershed in the future course of Pakistan's nuclear program. Bhutto's mind was fixed on developing nuclear weapons, as he saw in them a device to reinstate the lost honour in the war against India as well as leaving an ever-lasting and tangible legacy of his own. From the many available accounts of this meeting, 4 it is my take that neither I.H. Usmani nor Abdus Salam were keen about Bhutto's agenda. Usmani, a conscientious pragmatist civil servant, knew well the technological and logistic challenges that such a project would entail, and hence he was not enthusiastic. Salam initially agreed to be on board, but his ambitions were firmly focussed on peaceful scientific goals -both personally and concerning Pakistan. The Multan meeting signalled the end of the glorious Salam-Usmani period, as Bhutto replaced I.H. Usmani during the Multan meeting by Munir Ahmad Khan, a reactor scientist and nuclear physicist, who at that time had a senior technical position in the Nuclear Power Division at the IAEA headquarters in Vienna. Munir Khan and Abdus Salam were also good friends, but with I.H. Usmani no more at the helms of the PAEC, an era in which Salam had dominated the Pakistan's science advisory committee was nearing its end.
On his way back to Trieste, I met Prof. Salam in Karachi and gave him copies of my research papers that I had written as a graduate student, requesting him for help in returning to theoretical physics. Salam took my papers, and on his return to Trieste, he sent me a telegram, offering me a fellowship for 6 months from his own funds, which he had established on receiving the Atoms for Peace prize in 1968. Later, I was awarded an IAEA research fellowship for a year, allowing me to stay and work at the ICTP. This was the most crucial support in my professional life. There has never been any looking back since then.
ICTP was and remains to this date a very active research centre for theoretical physics. Due to Prof. Salam's scientific leadership, ICTP was frequented by world leaders in physics and it has all along enjoyed the whole hearted support of the Italian physics community. The Instituto di Fisica Teorica Trieste shared the building with ICTP in Miramare. I fondly remember, among the faculty, Paolo Budinich, Giuseppe Furlan, Luciano Bertocchi, and Nello Paver. It was also there that I heard for the first time lectures from some of the great Italian physicists Eduardo Amaldi, Nicola Cabbibo, Sergio Fubini, Luciano Maiani, and Tullio Regge, among others. Likewise, we often had seminar speakers and visitors from the UK, including Paul Dirac and Dennis Sciama. The stay at the ICTP opened for me, like for thousand other visitors from developing countries, an entirely new world of science. The twoyear stay at the ICTP was a continuous intellectual feast, which used to reach its climax in the summer, with extensive colleges and scientific meetings, some of which were held at the picturesque Parco di Miramare at the Adriatic Sea.
The extended stay at the ICTP and numerous subsequent visits gave me an opportunity to see Abdus Salam at work from close quarters. By the time that the neutral weak currents predicted by the Glashow-Salam-Weinberg model were discovered in 1973 by the Gargamelle experiment at CERN, 5 electroweak unification was already a done deal for Salam, and he had moved on to the next level of unification. Among other visitors, there was Jogesh Pati from the university of Maryland, who spent several summers and had a longer stay at the ICTP. He collaborated actively with Prof. Salam, and from this period came some of the remarkable PatiSalam series of papers which are still very relevant from the present day perspective. These include, among others, the paper on the unified Lepton-Hadron symmetry, Precision Tests of the Standard Model: Rare B-Meson Decays 7 followed by the one entitled: Lepton number as the fourth colour, 7 which introduced what is now popularly known as the Pati-Salam SU(4) group, with the leptoquarks, which are again en vogue as discussed later, and the paper entitled: Is Baryon number conserved?
8 A little later, in early 1974, came the remarkable paper with John Strathdee on supersymmetry in which a systematic method for constructing the Wess-Zumino super-gauge transformation was exhibited.
9 These are some of the papers in the period 1972-74, which found a large following and made a big impact on particle physics research. Pati-Salam papers led to a surge of theoretical interest in finding more realistic grand unified theories, culminating in the Georgi-Glashow SU (5) 10 and subsequently the SO(10) groups, 11 which are still popular templates in discussing deeper theoretical issues. I am sure that if proton decay had been experimentally established, Pati and Salam, being among the very first providing a model for baryon non-conservation, would be the front contenders for a Nobel Prize in physics. A full compendium of Prof. Salam's scientific papers can be seen in the volume I edited with Chris Isham, Tom Kibble and Riazuddin.
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After finishing my post-doc at the Stevens Institute of Technology in Hoboken, New Jersey, I returned to ICTP in the summer of 1975. In the intervening two years, the waters flowing down the Indus had become very muddy, which also impacted Salam' s mood and outlook. It is my impression that Salam's direct involvement in the scientific advisory work in Bhutto administration had cooled down considerably. His parting of ways with Bhutto was not very perceptible in the beginning, but their relations definitely came to a break in 1974 due to a legislation pushed by Bhutto in the parliament, which discriminated Salam and the Ahmadi sect to which he belonged. Salam was a devout Muslim, and this became more evident after the 1974 Anti-Ahmadi resolution adopted in Pakistan. To underscore his religious credentials, he started to sign letters with Muhammad Abdus Salam, and grew a beard as a token of his spiritual identity. Salam was particularly dismayed by Bhutto, who despite his western liberal education and exposure to great institutions, such as Oxford and Harvard, had bowed to the street pressure in Pakistan betraying his own party's secular and democratic credentials, which culminated in the politically expedient action of ex-communicating Ahmadis from public life. Salam had obviously opposed this development, as he was of the firm opinion that the resolution pushed by Bhutto in the parliament would put Pakistan on a religious fundamental trajectory never to return, but he couldn't do much to reverse it. Subsequent events in Pakistan proved Salam's prophecy. Also, Bhutto was engulfed in the rising tide of religious fundamentalism, and his playing footsie with the reactionary political outfits and religious zealots became his undoing. He was overthrown in a military coup by General Zia-ul-Haque and was hanged subsequently.
After the Nobel prize for Physics n 1979, 13-15 which Salam shared with Glashow and Weinberg, ICTP substantially enlarged its activities, in some of which I also participated and this association went well over a decade. Let me summarise my personal impressions about Salam that I gained in this period. In my opinion, there were three dominant strains and themes that moulded Salam's personality. First and foremost, he was a physicist at the forefront, destined to unearth the laws of nature. This intellectual pursuit was conducted with highest professional standards and impeccable honesty. He practiced this during his entire professional life, and this was also the advice that he gave to his students and others around him. Salam was also a cherished and much sought-after thesis supervisor and he guided a large number of students and collaborators, who in the course of their professional life became leaders in their own right. Some of them are present at this meeting.
As a scientific advisor, Salam wore many different hats and played very diverse roles in this capacity. To name a few, he worked closely with the IAEA, Vienna, and in that capacity he convinced the IAEA board to set up ICTP in Trieste, which he directed for almost thirty years and which helped thousands of physicists and other scientists from developing countries in coming out of their scientific isolation. In the meanwhile, the idea behind ICTP has caught on, and several such centres have now emerged in various parts of the world. This is being discussed by several speakers at this meeting. As a member of the scientific policy committee of CERN, he pushed the CERN proton-antiproton collider, leading to the discoveries of the W ± and Z bosons, as recounted at this meeting by Carlo Rubbia. As the chief scientific advisor to the presidents of Pakistan, Salam was principally responsible for setting up the scientific infrastructure in the initial stages of this country. With the passage of time Salam converted to pacifism -a declared anti-nuclear activist who wanted to banish the nuclear weapons from our world. He was also an active participant and supporter of the Pugwash conferences, which played an important role in facilitating dialogues among adversaries during the cold war and in nuclear disarmament.
The third strain in Salam's life was his role he voluntarily opted to play as the world's best-known Muslim scientist. In that capacity, he travelled very widely, particularly after he became a Nobel Laureate, collecting awards and honorary degrees. In return, he lectured untiringly, insisting on the need of higher education and scientific research. This, however, fell on deaf ears, as such activities were considered as the indulgence of a few and hence largely futile in those parts of the world. But, he never gave up. Salam was also deeply conscious of his rich intellectual heritage from the times long past, as he had a certain affinity for scientists and philosophers of those days, among them Abu Jaffer Al-Khwarizmi, the founder of Algorithm, Abu Raihan al-Biruni, an all-round genius of his times, and Abu Ali Ibn Sina (a.k.a. Avicenna), known for his medical research, to name a few, in whose rows he rightly thought that he belonged. To his dismay, his dream of scientific renaissance in Islamic countries never became a reality.
Let me close this section by thanking Abdus Salam for all that he did for the scientific uplift of developing countries and personally for helping me in pursuing a career as a physicist. His legacy, the standard model of particle physics, still holds sway, despite minute experimental scrutiny, as I describe below in the context of flavour physics.
Rare B-decays in the Standard Model
In the second part of my write-up, I will review some selected topics in rare B decays. The interest in studying these decays is immense. This is due to the circumstance that these decays, such as b
.., are flavourchanging-neutral-current (FCNC) processes, involving the quantum number transitions |∆B| =1, |∆Q| = 0. In the SM, they are not allowed at the tree level, but they do take place at the quantum (loop) level and are governed by the GIM (GlashowIliopoulos-Maiani) mechanism 16 , which imparts them sensitivity to higher masses, (m t ,m W ), from the loops. As a consequence, they determine the CKM (CabibboKobayashi-Maskawa) 17 weak interaction matrix elements. Of these, the elements in the third row, V td , V ts and V tb are of particular interest. While |V tb | has been measured in the production and decays of the top quarks in hadronic collisions, In theories involving physics beyond the SM (BSM), such as the 2-Higgs doublet models or supersymmetry, transitions involving the FCNC processes are sensitive to the masses and couplings of the new particles. Precise experiments and theory are needed to establish or definitively rule out the BSM effects. Powerful calculation techniques, such as the heavy quark effective theory (HQET) 19 and the soft collinear effective theory (SCET) [20] [21] [22] [23] [24] have been developed to incorporate power 1/m c and 1/m b corrections to the perturbative QCD estimates. In exclusive decays, one also needs the decay form factors and a lot of theoretical progress has been made using the lattice QCD 25 and QCD sum rule techniques, [26] [27] [28] [29] often complementing each other, as they work best in the opposite q 2 -ranges. Rare B-decays have enjoyed great attention in the past and they continue to so in the ongoing experiments in flavour physics. The current experimental frontier is now the large hadron collider (LHC), which will be soon joined by Belle II, which is expected to start taking data at KEK in 2018.
2.1.
The standard candle of rare B decays: B → X s γ
The experimental era of rare B-decays started in 1993 with the measurement of B → K * γ by the CLEO collaboration at the Cornell e + e − collider, 30 followed in 1995 with the measurement of the inclusive decay B → X s γ. 31 The photon energy spectrum in this process was already calculated in 1990 by Christoph Greub and me 32 , which came in handy for the CLEO measurements 33 shown in Fig. 6 (left frame), which is compared with the theoretical prediction. 32 Since then, a lot of experimental and theoretical effort has gone in the precise measurements and in performing higher order perturbative and non-perturbative calculations. As a consequence, B → X s γ has now become the standard candle of FCNC processes, with the measured branching ratio and the precise higher order SM-based calculation providing valuable constraints on the parameters of BSM physics. The impact of 33 and Belle (right frame). 34 the B-factories on this measurement can be judged the scale in Fig. 6 (right frame), which is due to the Belle collaboration.
34
The next frontier of rare B-decays involves the so-called electroweak penguins, which govern the decays of the inclusive processes B → (X s ,X d )ℓ + ℓ − and the exclusive decays such as B → (K, K * ,π)ℓ + ℓ − . These processes have rather small branching ratios and hence they were first measured at the B-factories. Inclusive decays remain their domain, but experiments at the LHC, in particular, LHCb, are now at the forefront of exclusive semileptonic decays. Apart from these, also the leptonic B-decays B s → µ + µ − and B d → µ + µ − have been measured at the LHC.
I will review some of the key measurements and the theory relevant for their interpretation. This description is anything but comprehensive, for which I refer to some recent excellent references [35] [36] [37] [38] and resources, such as HFAG 39 and FLAG. 
Inclusive decays B → X s γ at NNLO in the SM
The leading order diagrams for the decay b → sγ are shown are shown in Fig. 7 , including also the tree diagram for b → uūsγ, which yields a soft photon. The first two diagrams are anyway suppressed due to the CKM matrix elements, as indicated. The charm and top quark contributions enter with opposite signs, and the relative contributions indicated below are after including the leading order (in α s ) QCD effects. A typical diagram depictingpe r t u r b a t i v eQ C Dcorrections due to the exchange of a gluon is also shown. The QCD logarithms α s ln M 2 W /m 2 b enhance the branching ratio B(B → X s γ) by more than a factor 2, and hence such logs have to be resummed. This is done using an effective field theory approach, obtained by integrating out the top quark and the W ± bosons. Keeping terms up to dimension-6, the effective Lagrangian for B → X s γ and B → X s ℓ + ℓ − r e a d sa sf o l l o w s :
Here, G F is the Fermi coupling constant, V ij are the CKM matrix elements, O i are the four-Fermi and dipole operators, and C i (µ) are the Wilson coefficients, evaluated at the scale µ, which is taken typically as µ = m b , and their values in the NNLO accuracy are given above for µ =4 .8 GeV. Variations due to a different choice of µ and uncertainties from the upper scale-setting m t /2 ≤ µ 0 ≤ 2m t can be seen elsewhere.
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There are three essential steps of the calculation: A monumental theoretical effort stretched well over a decade with the participation of a large number of theorists underlies the current theoretical precision of the branching ratio. The result is usually quoted for a threshold photon energy to avoid experimental background from other Bremsstrahlung processes. For the decay with E γ > 1.6 GeV in the rest frame of the B meson, the result at NNLO 
where the dominant theoretical uncertainty is non-perturbative. 42 This is to be compared with the current experimental average of the same
where the first error is statistical and the second systematic, yielding a ratio 1.02 ± 0.08, providing a test of the SM to an accuracy better than 10%. The CKM-suppressed decay B → X d γ has also been calculated in the NNLO precision. The result for E γ > 1.6G e Vi s 
This will be measured precisely at Belle II. The constraints on the CP asymmetry are not very restrictive, but the current measurements are in agreement with the SM expectation. For further details, see HFAG. 
Bounds on the charged Higgs mass from B(B → X s γ)
As the agreement between the SM and data is excellent, the decay rate for B → X s γ provides constraints on the parameters of the BSM theories, such as supersymmetry and the 2 Higgs-doublet models (2HDM). In calculating the BSM effects, depending on the model, the SM operator basis may have to be enlarged, but in many cases one anticipates additive contributions to the Wilson coefficients in the SM basis. In the context of B → X s γ, it is customary to encode the BSM effects in the Wilson coefficients of the dipole operators C 7 (µ)a n dC 8 (µ), and the constraints from the branching ratio on the additive coefficients ∆C 7 and ∆C 8 then takes the numerical form
To sample the kind of constraints that can be derived on the parameters of the BSM models, the 2HDM is a good case, as the branching ratio for the decay B → X s γ in this model has been derived to the same theoretical accuracy. 44 The Lagrangian for the 2HDM is
where V ij are the CKM matrix elements and P L/R =( 1∓ γ 5 )/2. The 2HDM contributions to the Wilson coefficients are proportional to A i A * j ,r e p r e s e n t i n gt h e contributions from the up-type A u and down-type A d quarks. They are defined in terms of the ratio of the vacuum expectation values, called tan β,a n da r em o d e l dependent.
• 2HDM of type-I: 
Exclusive radiative rare B decays
Exclusive radiative decays, such as B → Vγ (V = K * ,ρ,ω)a n dB s → φγ,h a v e been well-measured at the B factories. In addition, they offer the possibility of measuring CP-and isospin asymmetries, a topic I will not discuss here. Theoretically, exclusive decays are more challenging, as they require the knowledge of the form factors at q 2 = 0, which cannot be calculated directly using Lattice QCD. However, light-cone QCD sum rules 28,29 also do a good job for calculating heavy → light form factors at low-q 2 . In addition, the matrix elements require gluonic exchanges between the spectator quark and the active quarks (spectator-scattering), introducing intermediate scales in the decay rates. Also long-distance effects generated by the four-quark operators with charm quarks are present and are calculable in limited regions. 45 Thus, exclusive decays are theoretically not as precise as the inclusive decay B → X s γ. However, techniques embedded in HQET and SCET have led to the factorisation of the decay matrix elements into perturbatively calculable (hard) and non-perturbative (soft) parts, akin to the deep inelastic scattering processes. These factorisation-based approaches are the main work-horse in this field. Renormalisation group (RG) methods then allow to sum up large logarithms, and this program has been carried out to a high accuracy.
A detailed discussion of the various techniques requires a thorough review, which can't be carried out here. I will confine myself by pointing to some key references, beginning from the QCD factorisation approach, pioneered by Beneke, Buchalla, Neubert and Sachrajda, 46 which has been applied to the radiative decays B → (K * ,ρ,ω)γ. [47] [48] [49] [50] Another theoretical framework, called pQCD, 51, 52 has also been put to use in these decays. 53, 54 The SCET-based methods have also been harnessed. 55, 56 The advantage of SCET is that it allows for an unambiguous separation of the scales, and an operator definition of each object in the factorisation formula can be given. Following the QCD factorisation approach, a factorisation formula for the B → Vγ matrix element can be written in SCET as well
where F and f V ⊥ are meson decay constants; φ B + (w)a n dφ V ⊥ (u) are the light-cone distribution amplitudes for the B-andV -meson, respectively. The SCET form factor ξ V ⊥ is related to the QCD form factor through perturbative and power corrections, and the perturbative hard QCD kernels are the coefficients ∆ i C A and t II i .Theyare known to complete NLO accuracy in RG-improved perturbation theory.
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The factorisation formula (6) has been calculated to NNLO accuracy in SCET
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(except for the NNLO corrections from the spectator scattering). As far as the 39 and SM-based estimates of B(B → (K * ,ρ)γ)a n dB(Bs → φγ) in units of 10 −5 ,a n dt h er a t i oB(Bs → φγ)/B(B 0 → K * 0 γ).
Decay Mode
Expt decays B → K * γ and B s → φγ are concerned, the partial NNLO theory is still the state-of-the-art. Their branching ratios as well as the ratio of the decay rates B(B s → φγ/B(B → K * γ) are given in Table 1 , together with the current experimental averages. 39 The corresponding calculations for the CKM-suppressed decays B → (ρ, ω)γ are not yet available to the desired theoretical accuracy, due to the annihilation contributions, for which, to the best of my knowledge, no factorisation theorem of the kind discussed above has been proven. The results from a QCD-Factorisation based approach 48 for B → ργ are also given in Table  1 and compared with the data. The exclusive decay rates shown are in agreement with the experimental measurements, though theoretical precision is not better than 20%. Obviously, there is need for a better theoretical description, more so as Belle II will measure the radiative decays with greatly improved precision. I will skip a discussion of the isospin and CP asymmetries in these decays, as the current experimental bounds 39 are not yet probing the SM in these observables.
Semileptonic b → s Decays
There are two b → s semileptonic operators in SM:
Their Wilson Coefficients have the following perturbative expansion:
9 (µ)+ ··· ,
10 + ··· .
The term C (−1) 9
(µ) reproduces the electroweak logarithm that originates from the photonic penguins with charm quark loops, shown below.
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The first two terms in the perturbative expansion of C 9 (m b )a r e
As they are very similar in magnitude, one needs to calculate the NNLO contribution to get reliable estimates of the decay rate. In addition, leading power corrections in 1/m c and 1/m b are required.
Semileptonic decays
A lot of theoretical effort has gone into calculating the perturbative QCD NNLO, electromagnetic logarithms and power corrections. [58] [59] [60] [61] [62] The B-factory experiments Babar and Belle have measured the dilepton invariant mass spectrum dB(B → X s ℓ + ℓ − )/dq 2 practically in the entire kinematic region and have also measured the so-called Forward-Backward lepton asymmetry A FB (q 2 ). 63 They are shown in Fig. 10 , and compared with the SM-based theoretical calculations. Note that a cut of q 2 > 0.2G e V 2 on the dilepton invariant squared mass is used. As seen in these figures, two resonant regions near q 2 = M 2 J/ψ and q 2 = M 2 J/ψ ′ have to be excluded when comparing with the short-distance contribution. They make up what is called the long-distance contribution from the processes B → X s +(J/ψ, J/ψ ′ ) → X s + ℓ + ℓ − , whose dynamics is determined by the hadronic matrix elements of the operators O 1 and O 2 . They have also been calculated via a dispersion relation 64 and data on the measured quantity R had (s)= σ(e + e − → hadrons)/σ(e + e − → µ + µ − ), and in some analyses are also included. As the (short-distance) contribution is expected to be a smooth function of q 2 ,o n e uses the perturbative distributions in interpolating these regions as well. The experimental distributions are in agreement with the SM, including also the zero point of A FB (q 2 ), which is a sensitive function of the ratio of the two Wilson coefficients C 9 and C 10 . The branching ratio for the inclusive decay B → X s ℓ + ℓ − with a lower cut on the dilepton invariant mass q 2 > 0.2G e V 2 at NNLO accuracy is
to be compared with the current experimental average of the same
The two agree within theoretical and experimental errors. The experimental cuts which are imposed to remove the J/ψ and ψ ′ resonant regions are indicated in Fig. 10 . The effect of logarithmic QED corrections becomes important for more restrictive cuts on q 2 , and they have been worked out for different choices of the q 2 -range in a recent paper. 
Exclusive decays
The B → K and B → K * transitions involve the following weak currents: Their matrix elements involve altogether 10 non-perturbative q 2 -dependent functions (form factors), denoted by the following functions:
Data on B → K * γ provides normalisation of T 1 (0) = T 2 (0) ≃ 0.28. These form factors have been calculated using a number of non-perturbative techniques, in particular the QCD sum rules 28, 68 and Lattice QCD. 69, 70, 72 They are complementary to each other, as the former are reliable in the low-q 2 domain and the latter can calculate only for large-q 2 . They are usually combined to get reliable profiles of the form factors in the entire q 2 domain. However, heavy quark symmetry allows to reduce the number of independent form factors from 10 to 3 in low-q
. Symmetry-breaking corrections have been evaluated. 73 The decay rate, dilepton invariant mass distribution and the Forward-backward asymmetry in the low-q 2 region have been calculated for B → K * ℓ + ℓ − using the SCET formalism. 74 Current measurements of the branching ratios in the inclusive and exclusive semileptonic decays involving b → s transition are summarised in Table 2 and compared with the corresponding SM estimates. The inclusive measurements and the SM rates include a cut on the dilepton invariant mass M ℓ + ℓ − > 0.2G e V .T h e y are in agreement with each other, though precision is currently limited due to the imprecise knowledge of the form factors.
Current tests of lepton universality in semileptonic B-decays
Currently, a number of measurements in B decays suggests a breakdown of the lepton (e, µ, τ ) universality in semileptonic processes. In the SM, gauge bosons couple with equal strength to all three leptons and the couplings of the Higgs to a pair of charged lepton is proportional to the charged lepton mass, which are negligibly small for ℓ + ℓ − = e + e − ,µ + µ − . Hence, if the lepton non-universality is experimentally established, it would be a fatal blow to the SM.
We briefly summarise the experimental situation starting from the decay B ± → K ± ℓ + ℓ − , whose decay rates were discussed earlier. Theoretical accuracy is vastly improved if instead of the absolute rates, ratios of the decay rates are computed. Data on the decays involving K ( * ) τ + τ − is currently sparse, but first measurements of the ratios involving the final states K ( * ) µ + µ − and K ( * ) e + e − are available. In particular, a 2.6σ deviation from the e-µ universality is reported by the LHCb b As we will also discuss later the decays B → πℓ + ℓ − , we distinguish the B → K and B → π form factors by a superscript.
collaboration in the ratio involving B ± → K ± µ + µ − and B ± → K ± e + e − measured in the low-q 2 region, which can be calculated rather accurately. In the interval 1 ≤ q 2 ≤ 6G e V 2 , LHCb finds
=0.745
This ratio in the SM is close to 1 to a very high accuracy 76 over the entire q 2 region measured by the LHCb. Thus, the measurement in (10) amounts to about 2.6σ deviation from the SM. Several BSM scenarios have been proposed to account for the R K anomaly, discussed below, including a Z ′ -extension of the SM. 77 It should, however, be noted that the currently measured branching ratios B(B ± → K ± e + e − )= (1.56
, and the experimental error on the B(B ± → K ± e + e − )ist wiceas large. One has to also factor in that the electrons radiate very profusely (compared to the muons) and implementing the radiative corrections in hadronic machines is anything but straight forward. In coming years, this and similar ratios, which can also be calculated to high accuracy, will be measured with greatly improved precision at the LHC and Belle II.
The other place where lepton non-universality is reported is in the ratios of the
the current averages of the BaBar, Belle, and the LHCb data are:
This amounts to about 3.9σ deviation from the τ/ℓ (ℓ = e, µ) universality. Interestingly, this happens in a tree-level charged current process. If confirmed experimentally, this would call for a drastic contribution to an effective four-
It is then conceivable that the non-universality in R K (which is a loop-induced b → s process) is also due to an
Several suggestions along these lines involving a leptoquark have been made [78] [79] [80] . It is worth recalling that leptoquarks were introduced by in an attempt to unify leptons and quarks in SU(4). 6, 7 The lepton non-universality in B decays has revived the interest in theoriesw i t hl o w -m a s sl e p t oq u a r k s ,d i s c u s s e d recently in a comprehensive work on this topic. 
Angular analysis of the decay
For the inclusive decays B → X s ℓ + ℓ − , the observables which have been measured are the integrated rates, the dilepton invariant mass dΓ/dq 2 and the FB asymmetry A FB (q 2 ). They are all found to be in agreement with the SM. In the exclusive 
Fig . 11 . Definitions of the angles in
decays such as B → K * ℓ + ℓ − and B s → φℓ + ℓ − , a complete angular analysis of the decay is experimentally feasible. This allows one to measure a number of additional observables, defined below.
The three angles θ K , θ ℓ and φ for the decay Fig. 11 . An angular analysis of the decay chains
has been carried out by LHCb. The observables in (13) are q 2 -dependent coefficients of the Wilson coefficients and hence they probe the underlying dynamics. Since these coefficients have been calculated to a high accuracy, the remaining theoretical uncertainty lies in the form factors and also from the charm-quark loops. The form factors have been calculated using the QCD sum rules and in the high-q 2 region also using lattice QCD. They limit the current theoretical accuracy. However, a number of so-called optimised observables has been proposed, 84 which reduce the dependence on the form factors. Using the LHCb convention, these observables are defined as
These angular observables have been analysed in a number of theoretical studies, 29,85-89 which differ in the treatment of their non-perturbative input, mainly form factors. The LHCb collaboration, which currently dominates this field, has used these SM-based estimates and compared with their data in various q 2 bins. Two representative comparisons based on the theoretical estimates from Altmannshofer and Straub 87 and Descotes-Genon, Hofer, Matias and Virto 89 are shown in Figs. 12 and 13, respectively. They are largely in agreement with the data, except for the distributions in the observables S 5 (q 2 ) (in Fig. 12 ) and P ′ 5 (q 2 ) (in Fig. 13 ) in the bins around q 2 ≥ 5G e V 2 . The pull on the SM depends on the theoretical model, reaching 3.4σ in the bin 4.3 ≤ q 2 ≤ 8.68 GeV 2 compared to DHMV. 89 There are deviations of a similar nature, between 2 and 3σ, seen in the comparison of S 5 and other quantities, such as the partial branching ratios in An analysis of the current Belle data, 90 shown in Fig. 14 , displays a similar pattern as the one reported by LHCb. As the Belle data has larger errors, due to limited statistics, the resulting pull on the SM is less significant. In the interval 4.0 ≤ q 2 ≤ 8.0G e V 2 , Belle reports deviations of 2.3σ (compared to DHMV 89 ), 1.72σ (compared to BSZ 29 )a n d1 .68σ (compared to JC 86 ). These measurements will improve greatly at Belle II.
To quantify the deviation of the LHCb data from the SM estimates, a ∆χ from the SM, and the deviation in this coefficient is found to be ∆ReC 9 (m b )= −1.04 ± 0.25. The deviation is tantalising, but not yet conclusive. A bit of caution is needed here as the SM estimates used in theanalysisabo v ema yha v etoberevised, once the residual uncertainties are better constrained. In particular, the hadronic contributions generated by the four-quark operators with charm are difficult to estimate, especially around q 2 ∼ 4m 2 c , leading to an effective shift in the value of the Wilson coefficient being discussed. 
Here O i (µ) are the dimension-six operators introduced earlier (except for the interchange s → d quark) in H Tree operators
Dipole operators
Semileptonic operators
Here, e(g s ) is the QED (QCD) coupling constant. Since the inclusive decay B →
has not yet been measured, but hopefully will be at Belle II, we discuss the exclusive decay B + → π + ℓ + ℓ − , which is the only b → d semileptonic transition measured so far.
Exclusive decay
− is induced by the vector and tensor currents and their matrix elements are defined as
These form factors are related to the ones in the decay B → Kℓ
, discussed earlier, by SU(3) F symmetry. Of these, the form factors f π + (q 2 )andf π 0 (q 2 ) are related by isospin symmetry to the corresponding ones measured in the charged current process B 0 → π − ℓ + ν ℓ by Babar and Belle, and they can be extracted from the data. This has been done using several parameterisations of the form factors with all of them giving an adequate description of the data. 92 Due to their analytic properties, the so-called z-expansion methods, in which the form factors are expanded in a Taylor series in z,e m p l o y e di nt h eB o y d -G r i n s t e i n -L e b e d( B G L ) parametrisation 93 and the Bourrely-Caprini-Lellouch (BCL) 94 parametrisation, are preferable.
The BGL parametrisation is used in working out the decay rate and the invariant dilepton mass distribution 92 for B + → π + ℓ + ℓ − , which is discussed below. The BCL-parametrisation is used by the lattice-QCD groups, the HPQCD 70,71 and Fermilab/MILC 72 collaborations, to determine the form factors f
. In particular, the Fermilab/MILC collaboration has worked out the dilepton invariant mass distribution in the decay of interest B + → π + ℓ + ℓ − , making use of their simulation in the large-q 2 region and extrapolating with the BCL parametrisation. We first discuss the low-q 2 region (q 2 ≪ m 2 b ). In this case,, heavy quark symmetry (HQS) relates all three form factors of interest f π i (q 2 )a n dt h i sc a nb eu s e d advantageously to have a reliable estimate of the dilepton invariant mass spectrum in this region. Including lowest order HQS-breaking, the resulting expressions for the form factors (for q 2 /m 2 b ≪ 1) are worked out by Beneke and Feldmann. 73 Thus, fitting the form factor f + (q 2 ) from the charged current data on B → πℓ + ν ℓ decay, and taking into account the HQS and its breaking, lead to a model-independent predictions of the differential branching ratio (dimuon mass spectrum) in the neutral current process B + → π + ℓ + ℓ − for low-q 2 values. However, the long-distance contribution, which arises from the processes
integrated over the range 1GeV 2 ≤ q 2 ≤ 8GeV 2 yields a partial branching ratio
Thanks to the available data on the charged current process and heavy quark symmetry, this enables an accuracy of about 10% for an exclusive branching ratio, comparable to the theoretical accuracy in the inclusive decay B → X s γ, discussed earlier. Thus, the decay B + → π + µ + µ − offers a key advantage compared to the decay B + → K + ℓ + ℓ − , in which case the charged current process is not available. The differential branching ratio in the entire q 2 region is given by
where the constant C B = G 
. A detailed discussion of the determination of the form factors, of which only f π + (q 2 )andf π T (q 2 ) are numerically important for ℓ ± = e ± ,µ ± is given elsewhere. 92 We recall that f π + (q 2 ) is constrained by the data on the charged current process in the entire q 2 domain. In addition, the lattice-QCD results on the form factors in the large-q 2 domain and the HQS-based relations in the low-q 2 region provide sufficient constraints on the form factor. This has enabled a rather precise determination of the invariant dilepton mass distribution in B + → π + ℓ + ℓ − . Taking into account the various parametric and form-factor dependent uncertainties, this yields the following estimate for the branching ratio for
to be compared with the measured branching ratio by the LHCb collaboration
96
(based on 3fb −1 data):
where the first error is statistical and the second systematic, resulting in excellent agreement. The dimuon invariant mass distribution measured by the LHCb collaboration 96 is shown in Fig. 16 , and compared with the SM-based theoretical prediction, called APR13, 92 and the lattice-based calculation, called FNAL/MILC 15.
72 Also shown is a comparison with a calculation, called HKR, 95 which has essentially the same short-distance contribution in the low-q 2 region, as discussed earlier, but additionally takes into account the contributions from the lower resonances ρ, ω and φ. This adequately describes the distribution in the q 2 bin, around 1 GeV 2 . With the steadily improving lattice calculations for the various input hadronic quantities and the form factors, theoretical error indicated in Eq. (24) will go down considerably. Experimentally, we expect rapid progress due to the increased statistics at the LHC, but also from Belle II, which will measure the corresponding distributions and branching ratio also in the decays B + → π + e + e − ,andB
, providing a complementary test of the e-µ-τ universality in b → d semileptonic transitions.
Leptonic Rare B Decays
The final topic discussed in this write-up involves purely leptonic decays B 0
−9 is now well measured, and the corresponding CKM-suppressed decay B(B 0 → µ + µ − )=( 3 .9 +1,6 −1.4 ) × 10 −10 is almost on the verge of becoming a measurement. These numbers are from the combined CMS/LHCb data 97 .F romthe experimental point of view, their measurement is a real tour de force, considering the tiny branching ratios and the formidable background at the LHC.
In the SM, these decays are dominated by the axial-vector operator
also contribute, but are chirally suppressed in the SM. This need not be the case in BSM scenarios, and hence the great interest in measuring these decays precisely. In the SM, the measurement of B(B The decay rate Γ(B 0 s → µ + µ − ) in the SM can be written as 101 and is included in the analysis. The timeaveraged branching ratios, which in the SM to a good approximation equals to 
In evaluating this, a value f Bs = 227.7(4.5) MeV was used from the earlier FLAG average. 102 In the most recent compilation by the FLAG collaboration, 25 this coupling constant has been updated to f Bs = 224(5) MeV, which reduces the branching ratio to B(B s → µ + µ − )=(3.55 ± 0.23) × 10
. This is compatible with the current measurements to about 1σ, with the uncertainty dominated by the experiment.
The corresponding branching ratio B(B 0 → µ + µ − ) is evaluated as 
which, likewise, has to be scaled down to (1.01 ± 0.09) × 10 −10 , due to the current average 25 f B = 186(4) MeV, compared to f B = 190.5(4.2 )M e Vu s e di nd e r i v i n g the result given in Eq. (28) . This is about 2σ below the current measurement, and the ratio of the two leptonic decays B(B s → µ + µ − )/B(B 0 → µ + µ − )isoffb yabout 2.3σ. The likelihood contours in the B(B 0 → µ + µ − )v e r s u sB(B 0 s → µ + µ − )p l a n e from the combined CMS/LHCb data are shown in Fig. 17 .
The anomalies in the decays B → K * µ + µ − , discussed previously, and the deviations in B(B 0 → µ + µ − )a n dB(B 0 s → µ + µ − ), if consolidated experimentally, will require an extension of the SM. A recent proposal based on the group SU(3) C × SU(3) L × U (1) is discussed by Buras, De Fazio and Girrbach.
103 Lepton non-universality, if confirmed, requires a leptoquark-type solution. A viable candidate theory to replace the SM and accounting for all the current anomalies, in my opinion, is not in sight.
6. Global Fits of the Wilson Coefficients C 9 and C 10
As discussed in the foregoing, a number of deviations from the SM-estimates are currently present in the data on semileptonic and leptonic rare B-decays. They lie mostly around 2 to 3σ. A comparison of the LHCb data on a number of angular observables F L ,A FB ,S 3 ,...,S 9 in B 0 → K * 0 (→ K + π − )µ + µ − with the SM-based estimates was shown in Fig. 15 , yielding a value of Re(C 9 ) which deviates from the SM by about 3σ. A number of groups has undertaken similar fits of the data and the outcome depends on a number of assumed correlations. However, it should be stressed that there are still non-perturbative contributions present in the current theoretical estimates which are not yet under complete quantitative control. The contributions from the charm quarks in the loops is a case in point. Also, form factor uncertainties are probably larger than assumed in some of these global fits.
As a representative example of the kind of constraints on the Wilson coefficients C 9 and C 10 that follow from the data on semileptonic and leptonic decays of the B mesons is shown in Fig. 18 from the Fermilab/MILC collaboration. 72 This shows that the SM point indicated by (0, 0) in the Re(C NP 9 , Re(C NP 10 )-plane lies a little beyond 2σ. In some other fits, the deviations are larger but still far short for a discovery of BSM effects. As a lot of the experimental input in this and similar analysis is due to the LHCb data, this has to be confirmed by an independent experiment. This, hopefully, will be done by Belle II. We are better advised to wait and see if these deviations become statistically significant enough to warrant new physics. Currently, the situation is tantalising but not conclusive.
Concluding Remarks
From the measurement by the CLEO collaboration of the rare decay B → X s γ in 1995, having a branching ratio of about 3 × 10 −4 , to the rarest of the measured B decays, B 0 → µ + µ − , with a branching fraction of about 1 × 10 −10 by the LHCb and CMS collaborations, SM has been tested over six orders of magnitude. This is an impressive feat, made possible by dedicated experimental programmes carried out with diverse beams and detection techniques over a period of more than 20 years. A sustained theoretical effort has accompanied the experiments all along, underscoring both the continued theoretical interest in b physics and an intense exchange between the two communities. With the exception of a few anomalies, showing deviations from the SM ranging between 2 to 4σ in statistical significance, a vast majority of the measurements is in quantitative agreement with the SM. In particular, all quark flavour transitions are described by the CKM matrix whose elements are now determined. The CP asymmetry measured so far in laboratory experiments is explained by the Kobayashi-Maskawa phase. FCNC processes, of which rare B-decays discussed here is a class, are governed by the GIM mechanism, with the particles in the SM (three families of quarks and leptons, electroweak gauge bosons, gluons, and the Higgs) accounting for all the observed phenomena -so far. Whether this astounding consistence will continue will be tested in the coming years, as the LHC experiments analyse more data, enabling vastly improved precision in some of the key measurements discussed here. In a couple of years from now, Belle II will start taking data, providing independent and new measurements. For now, one has to give the SM the benefit of doubt.
